Coupled dark matter-dark energy scenarios are modeled via a dimensionless parameter ξ, which controls the strength of their interaction. While this coupling is commonly assumed to be constant, there is no underlying physical law or symmetry that forbids a time-dependent ξ parameter. The most general and complete interacting scenarios between the two dark sectors should therefore allow for such a possibility, and it is the main purpose of this study to constrain two possible and wellmotivated coupled cosmologies by means of the most recent and accurate early and late-time universe observations. We find that CMB data alone prefers ξ(z) > 0 and therefore a smaller amount of dark matter, alleviating some crucial and well-known cosmological data tensions. An objective assessment of the Bayesian evidence for the coupled models explored here shows no particular preference for the presence of a dynamical dark sector coupling.
INTRODUCTION
Dark matter and dark energy, according to a series of observational evidences, are the two main constituents of the universe, comprising nearly 96% of its total energy density [1] . For the last twenty years, a huge observational effort has been devoted to unravel the nature of these two fluids [2, 3, 4, 5, 6] . Despite the fact that some of their properties have been measured with unprecedented accuracy (the value of the dark energy equation of state with 95% CL errors is w = −1.028
+0.063
−0.061 from the latest Cosmic Microwave Background (CMB) data, combined with large scale structure observations and Supernovae Ia luminosity distances [1] ), their nature still remains obscure. Furthermore, the so-called why now problem provides another puzzle that may suggest a contemporary evolution of the two dark fluids. From the particle physics perspective, if a cosmic scalar field is responsible for the dark energy component, it may couple to all other fields in nature, if it is present [7] . These models emerged as coupled quintessence [8, 9, 10, 11, 12, 13] . Indeed, the presence of an interaction between the two dark fluids could successfully address the cosmic coincidence problem. Furthermore, some quintessence models could also be interpreted as modified gravity (BransDicke-like) theories. An extra bonus supporting interactions among the two dark sectors arises from the fact that, when dark matter and dark energy interact, an effective equation of state w < −1 could naturally appear [14, 15, 16] . While plenty of work in the literature has been devoted to explore the rich phenomenology of
in which a(t) is the expansion scale factor of the universe and κ = 0, +1, and −1 correspond to a spatially flat, closed and open universe, respectively. In the following, we shall assume that the gravitational sector of the theory is described by the Einstein gravity and κ = 0. Within this simple cosmological scenario, we will introduce an interaction between the pressureless cold dark matter component and the dark energy fluid, acting as vacuum energy. All in all, the conservation equations read as
where T i µν (i = CDM, DE) is the energy-momentum tensor for the i-th dark sector sector. Considering the dark energy fluid as a cosmological constant with an equation of state w x = p x /ρ x = −1, the conservation equations are given byρ
where the dot refers to derivatives respect to the time t, H ≡ȧ/a is the Hubble parameter, ρ c is the cold dark matter mass-energy density and Q encodes the interaction rate between the dark fluids. Our analyses will be applied to two possible models, named as Interacting Vacuum Scenario 1 and 2 (IVS1 and IVS2, respectively):
where ξ(a) is a time-dependent dimensionless coupling. A Taylor expansion around the present time (a = 1) leads to
where the prime stands for the derivative with respect to the scale factor. In this work, we shall restrict ourselves to linear corrections. We therefore consider the following parameterization of the coupling parameter
We note that the above choice was used recently by the authors of [53] .
For the first interaction model (IVS1) it is possible to obtain an analytical solution for the background evolution of the dark sector fluids:
For the IVS2 model the background evolution needs to be computed numerically.
To evaluate the perturbations equations in the presence of an interaction we work within the perturbed FLRW metric [54, 55, 56] and follow the synchronous gauge, see Ref. [57] for details.
OBSERVATIONAL DATA AND STATISTICAL METHOD
In this section we describe the cosmological observations that we have used to constrain the interacting scenarios. A discussion concerning the statistical method used in our analyses is also detailed. The publicly available datasets that we exploit in what follows are:
• Cosmic Microwave Background (CMB): We use the Cosmic Microwave Background measurements from Planck 2015 data release [58, 59] , which include both the high-(30 ≤ ≤ 2508) TT and the low-(2 ≤ ≤ 29) TT likelihoods. The Planck polarization likelihood in the low-multipole regime (2 ≤ ≤ 29), together with the high-multipole (30 ≤ ≤ 1996) EE and TE likelihoods are also considered. Despite the fact that all these likelihoods have a clear dependence on a given number of nuisance parameters, such as residual foreground contamination, calibration, and others, we have also accounted for those in our numerical analyses and marginalized over them when presenting the final constraints.
• Baryon acoustic oscillation (BAO) distance measurements: we use the BAO data from different observational missions, see Refs. [60, 61, 62] .
• Supernovae Type Ia (Pantheon): The Supernovae Type Ia (SNIa) were the first indicators for an accelerating phase of the universe. Here, we use the latest compilation of SNIa data (known as Pantheon sample) comprising 1048 data points [63] .
• Hubble constant (R19): Finally, we shall also consider the impact of a recent estimation of the Hubble constant, H 0 = 74.03 ± 1.42 km/s/Mpc at 68% CL [64] , which shows a high tension (4.4σ) with CMB estimates within the minimal ΛCDM cosmological model. We however combine these datasets in the context of our IVS1 and IVS2 dark matter-dark energy models, see Eqs. (5) and (6), to explore whether this tension could be alleviated within these nonstandard cosmologies.
For the statistical analyses, we make use of cosmomc, a Markov chain Monte Carlo package [65, 66] , equipped with the Gelman and Rubin statistics for convergence diagnosis. This software also includes the support for the Planck 2015 likelihood [59] . The parameter space we shall constrain is
in which Ω b h 2 is the physical density for baryons; Ω c h 2 is the physical density for CDM; θ M C denotes the ratio of sound horizon to the angular diameter distance; τ is the reionization optical depth; n s denotes the scalar spectral index; A S denotes the amplitude of the primordial scalar power spectrum and ξ 0 , ξ a control the interaction rate among the two dark sectors. We are therefore exploring an eight-dimensional parameter space with two extra degrees of freedom compared to the sixth-dimensional ΛCDM cosmology. Table I presents the priors imposed on the model parameters for the statistical analyses.
NUMERICAL ANALYSES AND RESULTS
In this section we shall present the constraints on the interacting scenarios IVS1 and IVS2 (Eqs. (5) and (6) respectively), arising from the combination of several datasets, namely, CMB, CMB+R19, CMB+BAO, CMB+BAO+R19, and CMB+BAO+Pantheon.
The observational constraints for this interacting dark energy scenario have been displayed in Table II . Figures 1  and 2 depict the one-dimensional marginalized posterior distributions and the two-dimensional joint contours for some selected cosmological parameters. Notice from Tab. II that the mean values of the parameters ξ 0 and ξ a , quantifying the interaction among the dark sectors, are of opposite signs, and even if values (ξ 0 , ξ a ) = (0, 0) are still allowed by the observational data, a non-interacting scenario is consistent within 68% CL. Figures 1 and 2 show the strong anti-correlation between the interaction parameters ξ 0 and ξ a .
Concerning the value of H 0 within the IVS1 interacting scheme, note that it is slightly larger than that obtained with Planck CMB data alone in the context of a ΛCDM model [6] . Due to the larger error bars on H 0 , the 4σ tension between local measurements (74.03 ± 1.42 km/s/Mpc [64] ) and CMB observations is reduced to 2 standard deviations. Combining the CMB dataset with a gaussian prior on H 0 from R19, see the fifth column of Tab. II, we obtain ξ a = 0.55
−0.52 at 95% CL, i.e. different from zero with a significance of 2 standard deviations. The dynamical evolution of the coupling parameter ξ(z) is illustrated on the left panel of Fig. 3 considering the CMB (solid curve) and the CMB+R19 data combination (dotted curve), where all the parameters have been fixed to their mean values. As for the CMB+R19 data combination the dynamical coupling ξ(z) is larger than zero, the matter density shifts towards a lower value (see the strong anti-correlation between Ω m and ξ 0 in Fig. 1 ) and therefore there is not an increase in the quantity S 8 ≡ σ 8 Ω m /0.3. Consequently, in this case, the tension at more than 2σ on S 8 [67] between Planck and the cosmic shear experiments, namely, KiDS-450 [68, 69, 70] , DES [71, 72] , and CFHTLenS [73, 74, 75] is solved within one standard deviation.
When adding the BAO dataset the error bars on the Hubble constant are notably decreased with respect to what we observed with the CMB alone. In this case the tension with R19 is only mildly alleviated, as it remains present at the 3σ level. The addition of BAO measurements bring very close to zero the dynamical evolution of the dark sector coupling, see the right panel of Fig. 3 .
Finally, when adding the Pantheon dataset to CMB+BAO (i.e.
the combination named as CMB+BAO+Pantheon in Tab. II), we note that the estimation of H 0 shifts down and its error bars are reduced, increasing therefore the tension with R19 measurements. 
IVS2: Q = 3 [ξ0 + ξa(1 − a)] H ρcρx ρc+ρx
The summary of the observational constraints on this interaction scenario is shown in Tab. III, while in Figs. 4 and 5 we depict the one-dimensional marginalized posterior distributions and the two-dimensional contour plots for a number of both independent and derived cosmological parameters, emphasizing their correlations with ξ 0 and ξ a . Note that for CMB alone data the mean value of ξ 0 is almost zero with a very mild preference for negative values, while the mean value of ξ a is found to be positive. When external datasets such as BAO or BAO plus Pantheon are added to CMB observations the tendency of ξ 0 (ξ a ) to take negative (positive) values is enhanced, show- ing opposite behaviors and a strong negative correlation between them, as we can see from Figs. 4 and 5 regardless of the observations considered in the analysis. Furthermore, from Tab. III, it is also possible to notice that for all the observational datasets the values (ξ 0 , ξ a ) = (0, 0) are allowed within 95% CL implying that we recover the non-interacting ΛCDM limit. Nevertheless the dynamical interacting scenario cannot be ruled out and indeed, based on present observations, no definite conclusion can be made. Focusing on the estimation of H 0 for this interaction scenario with CMB data only (see Tab. III), we notice , using different combinations of the cosmological datasets considered here. that it is slightly larger than within the ΛCDM scenario, and its error bars are increased due to the presence of a dynamical coupling. Due to the larger error bars on H 0 , for this model it is also possible to solve the tension with the local measurements of R19 [64] . Combining the CMB dataset with a gaussian prior on H 0 from R19 provides therefore a possible solution of both the Hubble constant tension and the S 8 tension with the cosmic shear data. The dynamical evolution of the coupling parameter ξ(z) for this combination of data is shown in Fig. 6 , notice that in this case there is also a tendency for ξ(z) > 0 for CMB + R19 and the addition of BAO data is less able to restore ξ(z) = 0 than within the IVS1 scenario. For CMB+BAO or CMB+BAO+Pantheon the situation is very similar to the dynamical IVS1 scenario aforementioned, i.e. neither the H 0 nor the S 8 tension are alleviated.
Finally, we comment on the results from a Bayesian evidence analysis of the dynamical interacting scenarios here explored. In this framework, a comparison of a cosmological model is performed with respect to a standard and well-motivated cosmological model [76, 77, 78, 79] . The ΛCDM provides the ideal choice for such a comparison. 
SUMMARY AND CONCLUSIONS
Non canonical cosmologies with an interaction between the dark matter and dark energy fluids have been widely investigated in the past several years. From the observational perspective, interacting theories have been found to provide a very promising way to solve the tension between early and late universe cosmological estimates of the Hubble constant. The present work generalizes interacting dark matter-dark energy models by considering a dynamical, redshift-dependent, coupling parameter.
In mostly all of the dark sector interacting theories, characterized by exchange rates Q = 3Hξf (ρ c , ρ x ) (where f is an analytic function of the arguments ρ c and/or ρ x ), the coupling parameter ξ is assumed to be independent of time (see however e.g. Ref. [53] ). Unless one is interested in minimizing the number of extra parameters in the theory, there exists no underlying symmetry or law in nature which forbids such a dynamical coupling parameter. We have considered a very natural functional form for ξ = ξ 0 + ξ a (1 − a) , that we have embedded into two possible interaction models, IVS1 (Q = 3 [ξ 0 + ξ a (1 − a)] Hρ x ) and IVS2 (Q = 3 [ξ 0 + ξ a (1 − a)] H ρcρx ρc+ρx ). We find that the interaction parameters ξ 0 and ξ a , governing the dynamical behavior of the coupling ξ, are, in almost all cases, perfectly compatible with a non interacting scenario, showing a strong negative correlation among them. Nevertheless, for the CMB+R19 data combination, we find an indication for ξ a > 0 at more than 2σ CL for IVS1. More importantly, when considering CMB data alone, we find, in general, that ξ(z) > 0, leading to a smaller value of the present matter density. In order to leave the CMB acoustic peaks location unchanged (which are mostly sensitive to the Ω m h 2 combination), a larger value of the Hubble constant H 0 is required. This in turn implies an optimal scenario where to address both the H 0 and S 8 tensions between early and late universe's observations.
Even if a Bayesian evidence analysis taking into account all observational datasets shows no particular preference for these interacting dark matter-dark energy models, a dynamical character in the interaction functions is still allowed by observations and can solve some pending issues related to high and low-redshift cosmological tensions.
